Abstract: Guar gum is a natural polysaccharide that has been explored for various applications. However, there is a limited number of studies in which guar gum has been used as a filler in a polymer. The effect of acetylation of guar gum on its properties as a filler in an unsaturated polyester matrix was studied. The rheology of the uncured composition indicated increased polymer-filler interaction with increased ester content. The tensile and flexural properties increased with the acetylation degree of guar gum; however the impact resistance of the composites was reduced. Excessive esterfication of guar gum was detrimental to the mechanical properties of the composites due to reduced hydrogen bonding resulting in the filler phase having lower integrity. The chemical properties of the composites were also studied as well as the effects of acetylation. Thus, an increase in the hydrophobic nature of guar gum resulted in an increase in the polymer-filler adhesion and interaction but at the same time reduced the hydrogen bonding leading to reduced cohesion of the filler particles. This resulted in reduced mechanical properties of the composites as compared to lower acetylated guar gum based composites.
Introduction
Guar gum (GG) is a non-ionic naturally occurring polysaccharide extracted from the endosperm of Cyanopsis tetragonalobus and structurally is a galactomannan with a galactose to mannose ratio of approximately 1:2 [1] . There has been some discussion regarding the distribution of the galactose on the mannose backbone; investigations have indicated that the distribution is not uniform but occurs in blocks with galactose rich and deficient regions [2, 3] . GG is extremely hydrophilic and is even soluble in cold water. This hydrophilic nature would hamper its wetting by the hydrophobic polymer matrix.
Unsaturated polyester resins are a widely used commercial thermosetting resin which are used neat [4] , with fillers [5] and reinforced using fibre [6] . Apart from the addition of a separate phase in the polymer matrix, the unsaturated resins have been modified by the use of various reactive diluents [7] , reactants [8] and by tailoring the polymer backbone to suit requirements of various applications [9] .
The modification of fibre and fillers obtained from natural sources was achieved in order to increase the polymer -filler interaction which leads to increased mechanical, chemical and permeability properties of the composites. The increased interaction also reduces the effect of water in debonding between the fibre / filler and the polymer, which drastically reduces the mechanical and chemical properties of the composites. Natural fibres used in polymer composites are usually subjected to alkali treatment which increases interfacial adhesion resulting in composites with improved properties [10] [11] [12] . In some cases the fibre was also subjected to acid treatment using acetic and formic acids [10, 13] .
Although esterification has been carried out primarily on fibre to increase its adhesion with the polymer matrix, the theory would be applicable to particulate fillers obtained form natural sources as well. The present study focuses on the effect of acetylation and its degree on the mechanical and chemical properties of GG -unsaturated polyester composites. If the studies carried out on the cellulose fibre reinforced composites are any indication, the acetylation should result in increased interfacial interaction translating to an increase in the properties of the composites. The use of fillers obtained from natural sources is advantageous as compared to mineral fillers because of their inherent eco-friendly nature, both in their origin, handling and eventual disposal. At the end of the life of the article, disposal too becomes easier with increased degradability and on incineration it leaves a lesser residue. Thus, this study attempts to investigate the efficiency of acetylated GG as a filler in unsaturated polyester composites. The results of this study will open an avenue for the use of all polysaccharides and their derivatives as fillers in thermoset composites.
Results and Discussion
The acetylation of GG resulted in a decrease in the hydrophilic character of the polymer by the consumption of the hydroxyl groups in the acetylation reaction. This would result in a reduction in the hydrogen bonding of the acetylated GG particles reducing the cohesion of the acetylated GG particles. GG particles are held together by hydrogen bonding, chain entanglement and Van der Waal's forces. The acetylation of GG has been reported to have reduced thermal stability as compared to GG and was dependant on the acetyl content; this was attributed to the reduction in hydrogen bonding [15] . The analysis of the acetylated GG revealed that the degree of substitution was 0.2 and 0.56 after a reaction time of 3 and 8 h, respectively. An increase in the reaction time above 8 h did not result in a corresponding increase in the degree of substitution.
The FTIR spectra of the acetylated GG shown in Fig. 1 indicated esterification by the emergence of a peak at 1735-1750 cm -1 attributed to the C=O stretching, indicating the presence of the acetyl group. Further, the peak observed for GG at 1650 cm -1 has been attributed to the hydration of the GG molecule [16] . This peak was observed to decrease with an increase in the acetylation of GG indicating a reduction in the hydration with an increase in acetyl content. Thus we see that an increase in the acetyl content has reduced the hydrogen bonding in the acetylated GG samples. The peaks due to the -OH stretching vibrations observed between 3200-3400 cm -1 also decreased with an increase in the acetyl content of the derivatised guar gums which indicated a decrease in the hydroxyl content i.e. a consumption of the hydroxyl group through acetylation. One could see from Fig. 2 that the viscosity of unsaturated polyester composite formulations at the same filler concentration increased with degree of substitution of GG. Considering that the particle size of the fillers equally ranged between 75-100 μm the increase in the viscosity, irrespective of shear rate, can be explained by increased interaction between the filler and polymer. The increased compatibility was caused by the increased hydrophobic nature of the filler with increased degree of substitution. Thus from the rheology data, it can be inferred that the polymer filler interaction increased with an increase in the esterification of guar gum.
The T g of the composites are reported in Table 1 . The T g values indicate the degree of mobility of the polymer chains in the composite. Thus, we see that on addition of GG or acetylated GG the T g increased indicating the formation of composites with reduced chain mobility. The highest T g was observed at a concentration of 2.5 phr in all cases after which it decreased. This decrease could be attributed to the formation of agglomerates in the composite which in turn resulted in reduced polymer-filler interaction and reinforcing action. The formation of agglomerates leads to the increase in void spaces in the composites, thus reducing the cross-linking density of the composites. The composites based on acetylated GG as fillers showed the highest T g which increased with the DS, indicating that these composites had more restricted polymeric chains. This was due to increased interaction between the polymer-filler and similar behaviour has been observed in other studies [17, 18] .
Tab. 1. T g of the GG/acetylated GG -unsaturated polyester composites. Unsaturated polyesters are known for their poor resistance to aromatic solvents caused by the incorporation of the reactive diluent, styrene, in the cured composite. This led us to choose toluene as the solvent for the evaluation of solvent resistance of the composites. The composites had the same concentration of styrene in them and the only variable was the concentration and the type of filler used. The resistance of the composites to toluene (Fig. 3 ) initially decreased at a concentration of 2.5 phr irrespective of the type of filler used. After 2.5 phr there was a dramatic rise in the toluene absorption of the composites in all cases which continued with a further increase in the filler concentration. The decrease in the toluene absorption was due to the more compact composite as indicated by the DSC data. The increase in the solvent absorption could be explained on the basis of agglomerate formation by the fillers in the composite. The formation of agglomerates would lead to the increase in the void content of the composite increasing its permeability and resulting in an increase in the solvent absorption. From Fig. 3 it could be observed that the solvent absorption of acetylated GG (0.2) was lower than that of native GG, while composites with acetylated GG (0.56) showed the highest absorption. GG was hydrophilic and, hence, naturally incompatible with toluene. The acetylation of the GG reduced the hydrophilic nature increasing its affinity for the solvent. It is possible that acetylated GG (0.2) had a balance between the two properties resulting in increased interaction with the polymer matrix due to its reduced hydrophilic nature at the same time preserving its incompatibility with toluene. This would also explain why an increase in the degree of substitution resulted in an increase in the toluene absorption. The water absorption of the composites showed that composites based on the acetylated GG showed an initial increase in absorption, which then decreased on an increase in the filler concentration as seen in Fig. 4 . This trend was exactly opposite to that observed in composites prepared using native GG. The initial increase in the water absorption of acetylated GG was unexpected and this anomalous behaviour could not be explained. The decrease in water absorption at higher concentrations of acetylated GG was due to the decrease in hydrophilic nature of the products on esterification as compared to GG, which showed an increase in water absorption as concentration increased. Thus increased hydrophobically modified fillers resulted in lower water absorption with it being lowest for acetylated GG (0.56) at 7.5 phr and above. The tensile strength of the composites based on acetylated GG showed an increase as compared to that observed with native GG, as shown in Fig. 5 . The composites prepared with acetylated GG showed improved tensile strength with a maximum observed at 2.5 phr as in the case of GG. At concentrations above 2.5 phr the tensile strength of all composites decreased with those based on GG showing the greatest decrease and those from acetylated GG (0.2) showing the least. The decrease in tensile strength at filler concentrations above 2.5 phr can be explained by the formation of agglomerates. The improved performance of the acetylated guar gums indicates an increase in the filler-polymer interaction. Failure in composites could occur because of failure in the polymer matrix, at the polymer-filler interface and in the filler itself. In the case of GG the integrity of the filler particle is a result of chain entanglement and hydrogen bonding. With an increase in the ester content the hydrogen bonding decreased resulting in a decrease in the integrity of the derivatised GG particle. This could explain the fact that even with an increase in the polymerfiller interaction the composites with acetylated GG (0.56) resulted in reduced or equivalent tensile strengths as compared to that with acetylated GG (0.2). This could be due to failure occurring within the filler resulting in catastrophic failure of the composite.
The elongation of the composites showed a decrease with the addition of filler as seen from Fig. 6 . At lower concentrations up to 5 phr the percent elongation decreased rapidly, this was the range where the filler acted as a reinforcing agent, as indicated by the tensile results. After 5 phr there was a minimal rise in the percentage elongation followed by a further decrease, but not as rapid as that at lower concentrations. The slight increase in the percent elongation was probably due to the formation of agglomerates. The greater reduction of percentage elongation of composites based on acetylated GG (0.56) as opposed to 0.2 can similarly be explained on the basis of reduced filler cohesion because of reduced hydrogen bonding, causing failure to initiate in the filler itself. The flexural strength of the composites is elucidated in Fig. 7 and follows a trend similar to that shown by the tensile strength. The flexural strength of composites containing acetylated GG (0.2) show the highest value followed by that shown by those based on acetylated GG (0.56). The flexural strength peaked at a filler concentration of 2.5 phr for all fillers. GG showed a binodal curve with peaks at 2.5 and 7.5 phr. However, acetylated GG samples showed only one peak. The presence of the second maxima in the case of guar gum could be due to agglomerate formation which could result in a slight increase in the flexural strength. The reason why this trend was not shown by the acetylated GG based composites could be due to their lack of hydrogen bonding. The agglomerates are held together by Van der Waals forces and hydrogen bonds, which are stronger in the case of GG, resulting in the formation of stronger agglomerates as compared to acetylated GG. As in the case of the tensile strength, composites based on acetylated GG (0.56) showed a more rapid decrease as compared to that based on acetylated GG (0.2). This was again probably due to the reduction in the hydrogen bonding in which the agglomerates itself were weaker because they were held together by Van der Waals forces and weaker hydrogen bonding. This made the agglomerates based on the filler with increased ester content weaker, resulting in composites with inferior properties. The variation of impact strength with filler concentration and degree of acetylation can be seen in Fig. 8 . With the esterification of GG the polymer-filler interaction was seen to increase as indicated by the tensile, flexural, thermal as well as rheological data. This increase in polymer-filler interaction would result in increased transfer of energy across this interface. This would theoretically lead to increased dissipation of this energy by the GG phase, leading to increased impact resistance properties. However, this trend was not observed and in fact an increase in the degree of substitution resulted in a decrease in the impact resistance. An increase in the hydrophobic nature of the GG would also result in the decrease in the hydrogen bonding. The hydrogen bonding capacity of GG probably resulted from the dissipation of energy leading to increased impact resistance of the composites. Of these two contradicting characteristics the decrease in the hydrogen bonding seems to have a greater effect on the composites as compared to the increase in the polymer-filler interaction resulting in composites with reduced impact properties.
Conclusions
The acetylation of GG results in greater polymer-filler interaction as indicated by the rheology, tensile and flexural data. The rheological data indicated that an increase in the ester content increased the polymer-filler interaction. However, this was not reflected in the mechanical properties of the composites. This variation in the conclusions drawn from rheological, thermal and mechanical data was attributed to the decrease in the hydrogen bonding caused by the increased acetylation of GG. The composites exhibited increased tensile and flexural properties but reduced impact properties when acetylated GG was used as filler. The solvent absorption of the composites increased with acetylation, while the water absorption increased at lower concentrations but decreased with an increase in the concentration of the esterified GG. Thus treatment of GG particles was not restricted to the particle surface as in the case of natural fibres and changed the nature of the filler itself. Polysaccharides could thus be used as fillers in unsaturated polyester composites as a replacement to mineral fillers making the composites more eco-friendly.
Experimental

Materials
The unsaturated polyester resin, cobalt octanoate (accelerator) and methyl ethyl ketone peroxide (initiator) was obtained from M/s Mechamco Ltd. India. The unsaturated polyester resin was general purpose polyester based on propylene glycol, isophthalic acid and maleic anhydride with styrene as the reactive diluent. Guar gum (GG) was supplied by M/s Lucid Colloids Ltd., India and had a moisture content of 4-5%, intrinsic viscosity of 14.6 gm/dL and a particle size of 75-100μ.
Acetylation of guar gum
GG (5.0 g, 0.03 mol) was acetylated using acetic anhydride (9.48 g, 0.093 mol) as the acetylating agent in the presence of pyridine (50mL) as solvent and catalyst. The reaction was carried out at 90 o C and the reaction time varied in order to get derivatives with different degrees of substitution. The degree of esterification was estimated from the ester value of the GG derivatives. A weighed sample of GG, as the blank, and the derivative were dissolved in 25 ml of a 0.5 N aqueous alkali solution and the ester allowed to hydrolyse completely over a period of 18 h. Unreacted alkali was then back titrated with hydrochloric acid, from which the degree of substitution (DS) of the GG derivative was found out as given in Eq. 3. The equation is a derivative of that used for calculating the theoretical ester value [14] . The FTIR of the acetylated guar gums was carried out on a Perkin-Elmer System 2000 FT-IR spectrophotometer using KBr pellets.
The rheology of the unsaturated polyester-guar gum compositions were studied on a RT10 Rheoviscometer (Haake, Germany) using a C35/2 o cone and plate assembly. The readings were measured under constant stress. The unsaturated polyester compositions had a concentration of 2.5 phr. "phr" refers to parts per hundred of resin, thus 2.5 phr would mean 2.5 g of filler in 100 g resin.
Preparation of Composites
The fillers were uniformly dispersed in the unsaturated polyester resin along with the accelerator (0.5% w/w), following addition of free radical initiator (2% w/w) and thorough agitation. The composition was then de-aerated to remove any entrapped air and poured in a metal mold maintained at 30 0 C. The cure cycle was 30 0 C/12 h and 100 0 C/2 h. The composites had a thickness of 3mm ± 1%.
The composites were machine cut into the respective shape for testing and the edges were uniformly ground to remove imperfections which could lead to errors in the test results. Prior to testing the samples were allowed to stabilize at 50% humidity and at 30 o C for 7 days.
Testing of Composites
The composites were tested for their tensile, flexural and impact properties. The tensile strength and percentage elongation (Specimen Type IV B ) and flexural strength (specimen dimensions 60x25x3mm) were determined according to ASTM D638 and ASTM D790 respectively on a Universal Tensile Testing Machine, Lloyd LR 50K, UK with a crosshead speed of 6 mm per minute for tensile measurement and 8 mm per minute for the three point bending test. Charpy impact, on un-notched specimens, was carried out on an Avery Denison Impact tester using 2.7J striker with a striking velocity of 3.46 m/s in accordance with ASTM D256. Specimen dimensions were 127x12.7x3 mm. Tests were carried out on five samples and the averages have been reported as the test results.
The thermal characteristics of the composites were tested on a MDSC Q100 from TA instruments with a scan rate of 20 0 C/min and a modulated frequency of ± 0.5 0 C every 40 seconds under nitrogen atmosphere. The temperature range was from -10 o C to 100 o C in two cycles to eliminate any thermal history of the sample. The T g reported was noted on the second cycle.
Water and toluene absorption were studied using three 1x1x0.3 cm chips and suspending them separately for a period of 7 days in 100 mL solvent at 30 o C.
Subsequently, the samples were removed and gently dried using a filter paper to remove water or solvent adhering to its surface. The change in weight of the sample was then estimated, as shown in equation 2.
% Weight change = (Final weight -Initial weight)
Initial weight x 100 (Eq. 4) (4)
